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Abstract
The influence of Lewis number on turbulent premixed flame interactions is investi-
gated using Automatic Feature Extraction (AFE) applied to high-resolution flame sim-
ulation data. Premixed turbulent twin V-flames under identical turbulence conditions
are simulated at global Lewis numbers of 0.4, 0.8, 1.0 and 1.2. Information on the
position, frequency and magnitude of the interactions is compared, and the sensitiv-
ity of the results to sample interval is discussed. It is found that both the frequency
and magnitude of normal type interactions increases with decreasing Lewis number.
Counter-normal type interactions become more likely as the Lewis number increases.
The variation in both the frequency and the magnitude of the interactions is found to
be caused by large-scale changes in flame wrinkling resulting from differences in the
thermo-diffusive stability of the flames. During flame interactions thermo-diffusive
effects are found to be insignificant due to the separation of time scales.
Keywords: flame stretch, flame surface density, data registration, turbulent flame modelling
1 Introduction
The effects of multiple flame interactions on turbulent premixed flames is a subject of
relevance to several aspects of premixed flame analysis and the design of premixed
combustion devices. The merging of interacting flame elements causes a rapid change
in the local rate of heat release, and has been identified as a leading cause of com-
bustion generated noise in laminar (Schuller et al., 2002; Candel et al., 2004; Talei
et al., 2012) and turbulent (Balachandran et al., 2005) premixed systems. In appro-
priate conditions this turbulent flame noise can lead to thermo-acoustic instabilities
due to coupling between the rate of heat release and pressure fluctuations. A proper
understanding of flame interactions is also necessary for the development of robust
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combustion models that are capable of spanning multiple combustion regimes since in
the presence of flame interaction the flame behaves neither as a continuous and unbro-
ken flame front, nor as a perfectly-stirred homogeneous reacting mixture.
A method for identifying and extracting information on flame interactions from
a three-dimensional time-resolved turbulent flame simulation was introduced in Dun-
stan et al. (2012). Here, this technique is applied to the study of flame interactions in
non-equidiffusive mixtures. The Lewis number, defined as Le = α/D where α and D
are the thermal and mass diffusivities of the deficient reactant, characterises the pref-
erential diffusion of heat over species within the flame. Emerging fuel types such as
pure hydrogen and Syngas, which has a large hydrogen content, have Lewis numbers
significantly below unity when burnt under lean conditions due to the high mobility
of the hydrogen atom. More generally, an understanding of the effects of non-unity
Lewis numbers is important for the accurate modelling of multi-component and strat-
ified mixtures where the effective Lewis number may vary locally due to changes in
composition and local equivalence ratio.
Premixed flame interactions can be categorised as either normal or counter-normal,
where the flame normal is defined as positive in the direction of the fresh gases and
represents the direction of propagation of the unperturbed laminar flame. Normal in-
teraction (also referred to as upstream interaction in the literature, see Sohrab et al.
(1984)) therefore describes the situation where two flame elements approach one an-
other from the fresh gas side. This process has been investigated theoretically (Koll-
mann and Chen, 1998) and numerically (Chen and Sohrab, 1995). Chen et al. (1999)
employed high resolution 2D simulations with methane-air chemistry to identify sev-
eral key time scales for the interaction process. Normal interaction is characterised
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by an initial acceleration of the flames as the preheat layers begin to merge, followed,
at the point of merger, by a topological change to the flame isosurfaces resulting in
the formation of cusps with extreme values of negative curvature. The cusp recovery
stage involves a rapid loss of flame surface area as the cusps retract from the point of
interaction into the fresh gases.
Counter-normal interactions (also referred to as downstream interactions) have
been investigated both experimentally and numerically (Sohrab et al., 1984; Lee and
Chung, 1994; Kostiuk et al., 1999; Hawkes and Chen, 2004). Counter-normal interac-
tions are produced either by flame elements being brought together against their normal
propagation direction by the surrounding turbulence, or due to counter-normal flame
propagation, which is known to occur in thermo-diffusively stable flames in areas of
high positive curvature (Gran et al., 1996). In general, counter normal interaction oc-
curs over longer time scales compared to normal interactions due to the lack of initial
flame acceleration and the slower cusp recovery following merger.
The effects of Lewis numbers on both laminar and turbulent flames have been
widely studied (see Lipatnikov and Chomiak (2005) for a review). The reduction in
thermo-diffusive stability associated with lower Lewis numbers leads to an increas-
ingly wrinkled turbulent flame structure and higher turbulent flame speeds (Haworth
and Poinsot, 1992; Goix and Shepherd, 1993). Ultra-low Lewis number flames also
exhibit thermo-diffusive instabilities which can lead to a significant enhancement of
the flame wrinkling beyond that produced by the normal turbulent processes of strain
and curvature (Goix and Shepherd, 1993; Bell et al., 2007). The effect of Lewis num-
ber on laminar flame interactions has been investigated by Chen and Sohrab (1995)
using one-dimensional numerical simulations, however, important multi-dimensional
effects such as cusp retraction are not taken into account in this configuration. The
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response of non-unity Lewis number laminar flames to steady and unsteady forcing
has also been investigated for flames stabilised in a stagnation flow (Law and Sung,
2000), where it was noted that as the frequency of forcing is increased, the response of
both equidiffusive and non-equidiffusive flames is gradually attenuated.
The aims of the current paper are to consider how these changes in the mean and
local flame structures relate to the rate of production of flame interactions, and to the
role of interactions in flame area change. This is done using high-resolution simula-
tions of lean premixed turbulent flames in a twin V-flame configuration with global
Lewis numbers of 0.4, 0.8, 1.0 and 1.2. An Automatic Feature Extraction (AFE) tech-
nique, described by Dunstan et al. (2012), is employed for systematically identifying
interactions and their effects. Furthermore, we consider the sensitivity of the technique
to the choice of sample interval, ∆t, which is a key parameter in correctly identifying
the area changes associated with individual interactions.
Details of the simulations, numerical methods and a brief summary of the AFE
technique are given in Sections 2 and 3 respectively. Results are presented in Section 4
beginning with a description of the mean velocity fields and the influence of the flame
holders on the downstream turbulence in Section 4.1. The types and distributions of
the interactions are discussed in Section 4.2. The sensitivity to the sample interval, ∆t,
and the effects of interactions on the mean flame brush are discussed in terms of their
stretch rate contributions in Section 4.5. Conclusions are given in Section 5.
2 Simulation Details
Simulations were carried out using the SENGA2 code, an enhanced version of the
SENGA code (Jenkins and Cant, 1999) with accommodation for multiple species, tem-
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perature dependent transport properties and modifications to the boundary conditions
to preserve the accuracy of the solution during flame-boundary interactions (Dunstan
et al., 2011). Fully compressible conservation equations are solved using 10th order
central differencing in the interior and a fourth order Runge-Kutta scheme advances
the solution in time.
The twin V-flame configuration is illustrated in Fig. 1 which shows a two-dimensional
slice taken from a three-dimensional domain. The computational domain is of size
Lx = 12.8mm, Ly = 6.4mm, and Lz = 11.9mm, where x and y are the streamwise
and transverse directions as indicated in Fig. 1, and the z-direction is statistically ho-
mogeneous. The domain is discretised on a uniform grid of Nx = 672, Ny = 336,
and Nz = 624 computational nodes, ensuring a maximum diagonal grid point sepa-
ration of ∆ =
√
∆x2 + ∆y2 + ∆z2 < δc/15, where δc is the laminar flame thickness
to be defined below. Boundary conditions used are non-reflecting inflow/outflows on
the downstream and transverse faces as shown in Fig. 1, and periodic in the homoge-
neous direction. Details of the boundary conditions including the modifications made
to allow the passage of the flame through the boundary are discussed by Dunstan et al.
(2011).
Fully-developed homogeneous isotropic turbulence from a pre-computed, non-
reacting flow simulation is interpolated onto the inlet plane, marked as turbulent in-
flow in Fig. 1, with a constant mean velocity u¯in = 10ms−1. The domain for the
precomputed turbulence has a streamwise dimension of 2Lx thereby allowing a max-
imum useable reacting flow simulation time of 2Lx/u¯in = 2.56ms. The same initial
turbulent field is used for all the reacting flow simulations presented here and has an
rms velocity fluctuation of u′in = 4.9ms−1 and an integral length scale of l0in = 0.85mm.
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At the flame holders, velocity and species mass fractions are imposed through
Gaussian weighting functions with an approximate diameter of 0.5mm. The flame
holder centres are located at x = 1.5mm from the inflow plane and with a separation
of dFH = 2.5mm in the transverse direction. In contrast to previous simulations of
Dunstan et al. (2012), the flame holder velocity in the current cases is set to zero. This
is done to recreate a more realistic no-slip condition that exists for experimental flame
holders, however, it should be noted that no attempt is made in these simulations to
resolve the boundary layer around the flame holders: the velocity gradients are artifi-
cially restricted by both the Gaussian weighting functions and the grid resolution, and
so the simulations should not be considered as a ’true’ DNS in these regions.
Chemistry is approximated with a single-step irreversible reaction between reac-
tants and products. Transport coefficients are temperature dependent and follow fifth-
order polynomial functions in the standard NASA format (McBride et al., 1993). The
reactant Lewis numbers, Le = α/D, where α and D are the thermal and mass diffusiv-
ities of the reactants respectively, are constant and specified as simulation parameters
prior to initialisation. Values of the thermo-chemical parameters for the current sim-
ulations are given in Table 1, where sL is the unstretched laminar flame speed, Tad is
the adiabatic flame temperature, and Tin is the inlet reactant temperature. The laminar
flame thickness is given by δc = 1/max|∇c|, where c is the progress variable which is
equivalent to the product mass fraction c = Yp under the single-step assumption. The
thermal thickness is given by δth = (Tad − Tin)/max|∇T |, and the diffusive thickness is
δ = D/sL. The flame time scales based on the thermal thickness and progress variable
are τth = δth/sL and τc = δc/sL respectively. The value of the heat release parameter
τ = 2.52 used in this study is typical of lean preheated flames used in gas turbine com-
bustion (Jones, 2011)
7
Table 2 summarises the relevant non-dimensional parameters based on the con-
ditions at the inlet for the flames simulated in this study. The Karlovitz number is
approximated using Ka ≈ (u′in/sL)
3
2 (l0in/δ)− 12 , and the Damko¨hler number is Da =
(l0insL)/(u′inδc). These flames are therefore representative of lean preheated premixed
hydrocarbon-air flames in the thin reaction zones regime, as defined in the modified
combustion regime diagram of Peters (2000). The turbulence Reynolds number at the
inflow plane is Rel0 = u′inl0in/νin = 82, where νin is the kinematic viscosity of the
inflowing mixture, for all the flames simulated in this study.
3 Data Analysis
After initialising the fields, the simulations are allowed to evolve for a minimum of
one flow-through time, τFT = Lx/u¯in, or until a stationary state has been reached. The
criterion used to identify a stationary state is described in Section 4. Mean fields are
two dimensional and constructed by time and space averaging over all grid points in
the homogeneous direction and all snapshots in time after a stationary state has been
reached. For any variable Q(x, y, z, t):
Q(x, y) = 1
S Nz
S∑
m=1
Nz∑
k=1
Q(x, y, k, tm) (1)
where S is the total number of equally spaced snapshots in time (S = 64, 61, 53, and 41
for flames A-C respectively), and Nz is the number of grid points in the periodic direc-
tion respectively. Density-weighted or Favre averages are obtained through Q˜ = ρQ/ρ¯.
To extract information on the time, position and change in flame area associated
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with individual interactions a technique called Automatic Feature Extraction (AFE)
was applied. The details of this technique are explained in Dunstan et al. (2012), and
thus only a brief summary will be given here. Automatic Feature Extraction uses data
registration based on the Dual-Tree Complex Wavelet Transform (DTCWT), devel-
oped by N. Kingsbury (Chen and Kingsbury, 2012; Kingsbury, 2001), in which two
related data sets can be aligned according to their shared features. In the current con-
text, this involves taking two snapshots of the progress variable field at successive
times ti and ti+1 separated by an interval ∆t and aligning the two snapshots such that
differences due to convection, strain and curvature are eliminated. Due to the prop-
erties of the applied transformation matrix, however, the topology of each progress
variable field is preserved, such that by subtracting the registered snapshots from one
another, only areas where a change in the local topology has occurred remain. Since,
by definition, changes in topology can only occur as a results of flame interaction, the
flame interactions occurring within the interval are systematically revealed. These ex-
tracted regions, Φ, can then be conditioned on the original snapshots to establish the
interaction flame surface areas, φi and φi+1 associated with the snapshots at times ti and
ti+1 respectively.
A key consideration in applying this process is in the choice of the sample interval
∆t. This issue is addressed in detail in Section 4.5 in relation to the flame stretch, since
this has the most pronounced sensitivity to ∆t and is an important quantity in turbulent
combustion modelling. An upper limit on ∆t must be set to ensure that not more than
one interaction is included in each extracted region. This is achieved in the current
simulations if ∆t ≤ 0.02ms, which results in a large number (≈ 128) of snapshot pairs
requiring analysis. To facilitate this process, we therefore consider binarised progress
variable fields c∗, where c∗ = 1 if c > 0.8 and otherwise c∗ = 0, since the c = 0.8
value is close to the position of maximum reaction rate in the laminar flames for the
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thermo-chemistry considered here. It should be noted that the topological changes to
other isosurfaces within the flame will not necessarily follow the same trends as the
c = 0.8 isosurface. However, from a modelling point of view, changes to other parts
of the flame matter only to the extent that they affect the rate of heat release within the
reaction layer, and for the present analysis this is adequately captured by considering
only a single isosurface at c = 0.8.
4 Results
Before data can be collected for analysis, all initial transients must have decayed and a
stationary state should have been reached. To determine when this situation occurs the
global average mass fraction of products,Ω, is tracked throughout the simulations. The
quantityΩ is simply the volume average of the progress variableΩ =
∫
V c dv/V , where
V is the computational domain volume. This quantity varies from 0 at initialisation to
1 when the computational volume contains only fully burnt products. Figure 2 shows
the temporal variation of Ω for all the flames, and a clear trend can be seen with
increasing time. A stationary state is reached quickly when the Lewis number is low,
which reflects the faster turbulent flame speeds associated with lower Lewis number
flames (Abdel-Gayed et al., 1984; Lipatnikov and Chomiak, 2005). There is about a
1 ms difference between the Le = 0.4 and Le = 1.2 flames as suggested by Fig. 2. The
starting points for data analysis are marked in Fig. 2 by vertical dashed lines. Since
the statistics are sufficiently converged in all cases, the reduced number of samples
available for the higher Lewis number flames does not affect any of the conclusions
reached in this paper.
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4.1 Mean Flow Fields
Profiles of the Favre-averaged streamwise velocity, u˜, and rms velocity fluctuations u′
are shown in Fig. 3. In Fig. 3a, u˜ is plotted along the centre line of the domains at
y = Ly/2 for all the flames in Table 1. A large acceleration of the flow in the region of
the flame holders around x = 1.5mm can be seen for all the flames as a result of the de-
flection of the streamlines around the flame holders. Since this is an effect of the fluid
dynamics the acceleration does not depend on the Lewis number, as one can observe
from Fig. 3a. Immediately downstream of the flame holders the differential effects
of heat release on the flow become apparent, with a general trend of increased steam-
wise acceleration with decreasing Lewis number caused by the higher turbulent flame
speeds of the lower Lewis number flames. Transverse profiles of u˜ and u′ are shown
respectively in Fig 3b and c for flame C at streamwise positions x = 1.5, 4.0, 6.5, 9.0,
and 11.5mm as indicated in Fig. 1. The profiles for all the flames in the database are
qualitatively similar. The profiles at x = 1.5mm pass through the centre of the flame
holders and demonstrate the steep velocity gradients present in this region. Small areas
of recirculation are formed behind the flame holders (not visible in Fig. 3b). These ex-
tend a maximum of 1.6mm downstream of the flame holder centre (for Flame D), and
less for flames A-C because of the expansion of the burnt gases and subsequent accel-
eration of the flow. The presence of steep velocity gradients around the flame holders
suggests that shear generated turbulence might be significant in the downstream region,
however, this does not appear to be the case, as illustrated in Fig 3c. Small increases in
u′ can be seen at x = 4mm but in general, shear generated turbulence is not significant
compared to the more general attenuation of turbulence in the burnt gas region.
It is worthwhile also to consider characteristics of the turbulence experienced by
the flames. Although the turbulence at the inlet is approximately homogeneous and
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isotropic, the flame holders impose severe directional constraints on the flow. While
this may be a better representation of the effects of real flame holders, it is also impor-
tant to understand how specific the resulting turbulence is to the V-flame configuration
and therefore how far the results presented here may be generalised to other flame
configurations.
The quantities of interest in this regard are the two anisotropy invariants ξ and η
(Pope, 2000). These two quantities fully characterise the normalised Reynolds stress
anisotropy tensor bi j = (u′′i u′′j )/(u′′k u′′k ) − δi j/3, where u′′i = ui − u˜i and δ is the Kro-
necker delta function. These invariants can be obatined from the eigenvalues of the
anisotropy tensor and are defined as 6ξ3 = bi jb jkbki and 6η2 = bi jb ji. Together, ξ
and η provide a local measure of the type and degree of anisotropy of the turbulence.
They approach zero only in fully isotropic flows, but otherwise take values in the range
−1/6 < ξ < 1/3 and 0 < η < 1/3 (Pope, 2000). Figures 4a and 4b show the varia-
tion of ξ and η for flame B. Similar distributions exist in all the flames. The effect
of the flame holders can clearly be seen in the near maximal values of the invariants
in these regions and in the shear layers immediately downstream, indicating strongly
anisotropic, single-component Reynolds stresses in these areas. The effects persist
downstream although a gradual return to isotropy can be seen. Nevertheless, in the
central region where the majority of flame interactions take place (to be discussed in
the next section), the flow remains approximately isotropic throughout. These ob-
servations suggest that interactions occurring in the central region are unlikely to be
strongly affected by the anisotropy introduced by the flame holders and so should be
representative of interactions occurring under similar turbulence conditions in other
flame geometries. However, interactions occurring in the highly anisotropic shear
layers immediately downstream of the flame holders, are likely to be more strongly
configuration specific and thus due caution must be exercised when generalising their
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behaviour to other types of flame.
4.2 Type and Position of Interactions
As noted in the introduction, the flame interactions can be broadly categorised as ei-
ther normal or counter-normal depending on the direction of approach of the flame ele-
ments relative to the locally defined flame normal ~N = −∇c/ |∇c|. Three sub-types can
also be identified within each of these categories, depending on the precise topological
changes that occur during the interaction, to give six interaction types in total. These
are illustrated schematically in Fig. 5 for normal-type interactions. Counter-normal
interactions are topologically identical but with reactants and products reversed.
The six sub-types are: convex-normal (CX), tunnel-closure (TC), and pocket burn-
out (PB) for normal sub-types, and counter-normal (CN), counter tunnel-closure (CTC),
and counter pocket burn-out (CPB) for the counter-normal sub types. In contrast to the
previous results of Dunstan et al. (2012), two additional sub-types have been identified
in the current data: CTC and CPB, both of which occur only for Le > 1 in flame D. It
was argued in Dunstan et al. (2012) that the CTC and CPB type interactions, although
theoretically possible, were unlikely to occur in practice due to the normal flame prop-
agation direction and strain rate relations of the surrounding fluid. The assumption of
normal flame propagation, however, is incorrect for thermo-diffusively stable flames
experiencing high positive curvature, where the curvature is defined as C = ∇ · ~N, and
positive values correspond to flame elements that are convex with respect to the fresh
gases. The density-weighted displacement speed of an isosurface of the progress vari-
able, sd, can be expressed as sdρ0 |∇c| = ω˙c + ~N · ∇(ρDc ~N · ∇c) − DcC , where ω˙c is
the reaction rate, Dc is the molecular diffusivity of the progress variable and ρ0 is the
density in the fresh gases. The last term on the right hand side represents the tangential
diffusion of c, and for each isosurface of c is directly proportional to curvature. Under
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conditions of large positive curvature this term can overcome the reactive and normal-
diffusive contributions to produce negative, or counter-normal flame propagation. In
addition, this effect becomes more pronounced for Le > 1 since the diffusion of heat
away from the reaction zone also causes a reduction in the positive contribution from
the reaction rate. Conversely, for Le < 1, the reaction rate contribution is increased
in areas of positive curvature due to the enhanced diffusion of fuel into the reaction
zone. For thermo-diffusively unstable flames this always exceeds the negative effects
of tangential diffusion, thus, as the Lewis number is reduced the occurrence of CTC
and CPB type interactions becomes increasingly unlikely.
The position and distribution of various types of interactions in each of the flames
is illustrated in Fig. 6. It should be noted that the intensity of the interaction activity
is reflected only partially by the absolute numbers shown in Fig. 6, since the sampling
periods used are different for each case. It can be seen from Fig. 6 that the majority of
interactions occur within the central region for all the flames where the turbulence is
close to isotropic as discussed in Section 4.1. Normal type interactions become more
tightly clustered in this central region as the Lewis number decreases, and this is a
reflection of the more compact flame brush of the low Lewis number flames. Figure
7 shows profiles of the generalised Flame Surface Density (FSD), Σg = |∇c|, along
the centre lines of the domains as a function of downstream position, x, and progress
variable c˜. Figure 8 shows the total number of normal interactions occurring within
bins of x and c˜ for each of the flames. Good qualitative agreement can be seen between
both the magnitude and form of the Σg profiles and the position and intensity of CX
type interactions as a function of x, suggesting that the occurence of CX type interac-
tions in these flames is strongly dependent on the expected flame surface area within
any given volume. In progress variable space the CX interactions are more evenly dis-
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tributed compared to the profiles of Σg, which peak at c˜ values between 0.2 and 0.3.
However, it should be noted that whereas Σg incorporates all isosurfaces of c, the flame
interactions are defined only on the c = 0.8 isosurface for which the FSD peak will be
closer to the burnt gas side of the flame brush, and this may account for some of the
discrepancy.
Increasing Lewis number creates a greater likelihood of counter-normal type inter-
actions, as discussed above, and these occur predominantly in the areas immediately
downstream of the flame holders where the turbulence is more strongly anisotropic.
The initial counter-normal interactions (CN types) appear to be caused by pairs of
counter-rotating vortices which are continually generated in the shear layers surround-
ing the flame holders, and which force flame elements together against their normal
propagation direction. Subsequent counter-normal interactions (CTC and CPB) follow
these initial interactions if sufficiently large values of positive curvature are formed, as
discussed above. This causal link between the counter-normal interaction types sug-
gests a similar cascade relation between the interaction types that was previously pro-
posed for normal type interactions (Dunstan et al., 2012), although the limited number
of counter-normal interactions make this difficult to verify.
4.3 Delay Time
The cascade behaviour of normal type interactions can be clearly seen in Fig. 8. Dis-
tinct peaks in the distributions of CX and TC type interactions are visible, however,
for flames B-C many of the fresh gas pockets that lead to PB type interactions are con-
vected out of the downstream boundary before interaction can occur. It can be seen
that for each of the flames the peaks of CX and TC interaction do not coincide, either
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in physical space or progress variable space. This is indicative of the cascade type
behaviour of normal interaction types, and which results from the loose causal links
between the flame topologies associated with each interaction type. A characteristic
delay time between the CX and TC interaction types, τCX−TC, can be identified by cal-
culating the mean convection time between the limits x1 and x2 along the centre of the
domain, τCX−TC ≈
∫ x2
x1 dx/u˜x, where x1 and x2 are the mean streamwise positions for
CX and TC type interactions respectively. Using this method gives τCX−TC = 104, 105,
85, and 47 µs for the flames A-D respectively. This compares well with the time of
71µs obtained by Dunstan et al. (2012) for a unity Lewis number flame at comparable
turbulence intensity using an alternative technique. The results appear to suggest that
the delay time reduces with increasing laminar flame speed, however, the values for
the flames C and D may be skewed by the fact that some TC interactions do not occur
within the computational domains, and which may cause the second integral limit, x2,
to be unrealistically low.
4.4 Interaction Length Scales
The AFE technique outlined in Section 3 produces two quantities that can be used to
identify characteristic length scales for the interactions: the change in the volume of
burnt gas,Φ, associated with each interaction, and the flame surface area enclosing this
volume, φ, which is equal to the sum of flame areas φi and φi+1 associated with the time
steps ti and ti+1, as described in Section 3. From these the volume-based length scale,
LVint = Φ
1/3
, and surface-area based length scale, LSint = φ1/2 can be defined, where
LVint is always less than LSint. The ratio Θ = LVint/LSint also provides information on the
sphericity of the extracted regions and can take values in the range 0 < Θ / 0.455, with
the maximal value reached only for a perfect sphere. Mean values of LSint and Θ are
given in Table 3 for all the interaction types. Probability density functions illustrating
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the distribution of LSint for CX and TC type interactions are shown in Fig. 9.
From the data in Table 3 and distributions shown in Fig. 9 it can be seen that, for
the conditions considered in this study, the interaction length scales do not show any
strong sensitivity to changes in the reactant Lewis number, and no significant difference
in length scales exists between any of the sub-unity Lewis number flames. However,
a small but significant reduction in both LSCX and LSTC can be seen for the super-unity
Lewis number flame D. In addition, a small increase in LSCN can also be seen in Flame
D compared to flames B and C. These meaning of these results is discussed in section
4.5 in the context of the observed changes in flame area.
Counter-normal interactions have shorter length scales compared to normal type
interactions, reflecting the longer time scales over which counter-normal interactions
occur. The length scale ratio Θ remains almost constant across all interaction types
with the exception of PB type interactions which show a strong tendency to approach
the spherical limit for all the flames. It is notable that this is also true for the thermo-
diffusively unstable Flame A, where the tendency for flame elements to minimise their
curvature, and therefore form spherical pockets, is not present. This suggests that
thermo-diffusive effects may play only a secondary role in causing the spherical pocket
shape and that the primary cause of due to the mechanism of their formation: where
multiple TC type events occuring in close proximity have a tendency to produce ap-
proximately spherical pockets, which burn-out before thermo-diffusive effects have
time to act.
4.5 Flame Stretch
The effects of flame interactions on the turbulent flame brush can best be understood
by considering the stretch rates experienced by the flame from two different sources:
turbulent processes (including straining and curvature) and changes in flame area due
17
to flame interactions. The total global stretch rate can be written KTOT = (dA/dt)/A,
where A is the surface area of the c = 0.8 isosurface within the sampling region in-
dicated in Fig. 1. This can also be written as a sum of flamelet, KF (representing all
non-interacting turbulent processes), and interaction, KINT , contributions. The total
stretch and interaction stretch contributions over the sample interval ∆t are given by:
KTOT =
2(Ai+1 − Ai)
(Ai+1 + Ai)∆t (2)
and
KINT =
2(φi+1 − φi)
(Ai+1 + Ai)∆t (3)
where Ai and Ai+1 are the total isosurface areas within the sampling region at times ti
and ti+1 respectively, and ∆φ = φi+1 − φi is the total change in area due to interactions
occurring within the interval ∆t, which is obtained using the AFE process outlined in
Section 3. The flamlet contribution may be obtained from KF = KTOT − KINT . Interac-
tion stretch may also be further decomposed by type, where: KINT =
∑
Kα, where α =
CX, TC, PB, CN, CTC, and CPB.
The first task in assessing the contribution of flame interactions to the overall
stretch rate is to examine the sensitivity of KINT to the choice of the sample inter-
val ∆t. In general the flame interaction process includes multiple time scales, and thus
it is clear that the change in area, ∆φ, extracted using AFE will strongly depend on
the interval chosen for the analysis. By considering KINT instead, ∆t is included in
the denominator and so some of this dependence is taken into account. To determine
what sensitivity remains in KINT , the AFE technique has been applied to the same data
(flame C) using three equally spaced values for ∆t: a/2, a, and 3a/2, where a = 16 µs.
The results are compared in Fig. 10 which shows the total stretch, KTOT , the convex-
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normal (CX) interaction stretch, KCX, and the tunnel-closure (TC) interaction stretch
KTC for each value of ∆t. It can be seen from Fig. 10 that KTOT shows very little sensi-
tivity to ∆t and Eq. 2 acts as a de facto low-pass filter as ∆t is increased. However, the
magnitude and form of KTOT are in good agreement for all ∆t. In contrast, both KCX
and KTC show significant variation with ∆t. It is important to note that this is not due
to errors in the AFE process itself since the interactions identified at each value of ∆t
are essentially the same1, but it is in fact an intrinsic feature of the interaction stretch
rates. For both CX and TC type interactions a general trend of increased magnitude of
stretch rates with ∆t is apparent. For CX interactions, a variation in both the magnitude
and sign of the stretch rates can also be seen.
To quantify this apparent sensitivity and to understand its root causes, it is useful to
consider the mean and rms values of the stretch rates, given by: K = (1/tsim)
∫ t2
t1 Kdt,
and Krms =
√
[1/tsim
∫ t2
t1 K
2dt] respectively, where tsim is the total simulation time.
These are listed in Table 4 for each value of ∆t. As expected, the mean and rms values
of KTOT remain similar for all ∆t. For KINT , however, both the mean and rms values
increase significantly with increasing ∆t. The last two columns in Table 4 suggest that
both the mean and rms values increase almost linearly with ∆t, since dividing them
by the sample interval removes much of the sensitivity. The reason for this can be
understood by considering that the change in area resulting from the flame interac-
tions over a given interval arises from two factors: differences in the magnitude of the
area change for each interaction, and differences in the total number of interactions
occurring within the interval. By working with the stretch rate rather than the area
change, only one of these factors is taken into account. It is interesting that both of
1The numbers of interactions identified are 196, 192, and 192 with increasing ∆t. The missing
interactions are a result of two interaction types occurring in very rapid succession at the same location.
This is unavoidable to some degree but constitutes only 2% of the total and therefore does not affect
the analysis.
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these process appear to be approximately linear with respect to time on average over
the range of sample intervals considered here. While it might reasonably be expected
that the average number of interactions increases linearly with time, the area change
due to individual interactions is, in general, a highly non-linear process which would
normally preclude such a simple relationship.
The above observations highlight the importance of ∆t in the current analysis.
While the actual point of interaction may be precisely located in time and space, the
effect of each interaction on the subsequent flame stretch rate persists for some time
following the interaction while the flame cusps recover from the extreme curvatures
generated. So while it may be possible to identify a characteristic value for the rate
of change of stretch due to interactions for a particular composition and turbulence
level, the actual contribution from interactions is effectively defined by the choice of
∆t. A value of ∆t must therefore be chosen that successfully separates the changes in
area that arise from turbulent straining and curvature from those that could not occur
through normal turbulent processes. This appears to introduce a degree of subjectivity
into the assessment of the interaction stretch rates, however, it has been demonstrated
by Chen et al. (1999) that a range of time scales for the interaction of lean premixed
methane-air flames can be clearly identified, and which are independent of the time
scales of the surrounding turbulence. Such an analysis forms a reasonable basis from
which to constrain the range of appropriate values for ∆t. The exact value will de-
pend on the specific type of information required, for example the current range of ∆t
(8 ≤ ∆t ≤ 24 µs) spans the time scales identified by Chen et al. (1999) over which 95%
of the increases in heat release rate and the flame displacement speed occur during in-
teraction, and is therefore the most appropriate range for analysing the heat release rate
in turbulent flames with flame-flame interactions.
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Considering the effects of Lewis number on the flame stretch, Figure 11 shows
the total, flamelet, and interaction stretch rates for all flames in the database. A clear
trend of lower stretch rates of all types with increasing thermo-diffusive stability or
Lewis number can be seen. This is most noticeable in the thermo-diffusively unstable
flame A, where self-induced enhancement of stretch rates in positively curved regions
causes larger fluctuations in KF than could be achieved by turbulent processes alone.
These differences are quantified in Table 5 which shows the mean and rms values of
the stretch rates for all flames by interaction type. It should be noted that since the
flame is stationary, in the limit of T → ∞, KTOT should approach zero and KF and
K INT should balance. This is approximately so for all the flames, although a slight
lack of statistical convergence is evident for the flame C.
The following general observations can be made about Fig. 11 and the data in
Table 5: In agreement with previous findings, CX type interactions can lead to either
positive or negative individual stretch contributions but overall their contribution is
always negative for the flames investigated here. TC type interactions are responsi-
ble for the largest overall negative stretch rates in all the cases, and are also almost
always negative individually. PB type interactions are the second largest cause of neg-
ative interaction stretch rates; they are always negative but occur less frequently than
other normal type interactions, even when the loss of fresh gas pockets through the
downstream boundary is taken into account. The rms values of the interaction stretch
contributions range between approximately 18% and 45% of the flamelet stretch con-
tributions (for ∆t = 16 µs).
As the Lewis number increases the contribution from all normal type interactions
decreases. Conversely, the contribution from all counter-normal interaction types in-
creases with increasing Lewis number. It should also be noted that the differences in
KCX and KTC between the flames B and C, and between the flames C and D are ap-
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proximately the same, whereas the values for the flame A are an order of magnitude
greater, indicating a qualitative change in behaviour for the flame A.
The changes in Kα magnitude can be understood as the product of changes in the
frequency of interactions, fα = Nα/tsim, where Nα is the total number of interactions
of type α, and tsim is the simulation time, and changes in the mean stretch rate per
interaction, Kiα = (1/Nα)
∑
Kα. The time-averaged stretch rate is then recovered from
the relation Kα = Kiα fα∆t. These quantities have been calculated for all TC events in
all the flames considered and the results are given in Table 6.
From the data in Table 6 it can be seen that both KiTC and fTC are equally important
in determining the changes in overall interaction stretch contributions. Thus, sensitiv-
ity to Lewis number manifests itself both in large-scale factors such as the number of
interactions occurring, which is related to the flame surface density as demonstrated
in Section 4.2, and also on the fine-scale details of the individual interaction events. It
is interesting to compare the sensitivity of KiTC to Lewis number with the observation
made in section 4.4 that the value of the mean length scale LSint is approximately con-
stant for normal type interactions regardless of Lewis number. Taken together these
observations show that while the total flame area associated with each normal inter-
action remains similar for all the flames, the proportion of that flame area associated
with pre-interaction and post-interaction flame elements is significantly affected by
Lewis number. The cause of this can be traced to differences in the magnitude of cur-
vature and the degree of alignment of the flame elements prior to merger for each of
the flames. For example, flame elements that are weakly curved and therefore aligned
over a wider area prior to interaction will produce a larger reduction in flame area than
those that are more strongly curved prior to interaction. Low Lewis number flames
exhibit a tendency to form more sheet like flame elements interspersed with ridge-like
protrusions into the fresh gases (Bell et al., 2013). This leads to a greater number of
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interactions between weakly curved flame elements, which, due to the more extensive
alignment of the flame elements under these conditions, results in a greater reduction
in flame area.
These results also suggest that, because of the scale-separation between the inter-
action time scales and thermo-diffusive time scales, Lewis number effects play only a
minor role during the flame interactions. However, large scale changes in flame wrin-
kling, induced by the thermo-diffusive effects acting over longer time scales, produce
significant changes both in the magnitude and frequency of interactions for different
Lewis numbers.
For the purposes of modelling it is useful to consider whether the observed vari-
ations in KiTC and fTC can be related to the thermo-chemical properties of the flames
listed in Table 1. Due to the partial decoupling of temperature and fuel mass frac-
tion profiles for non-unity Lewis number flames, there are several length and time
scales available for the normalisation of KiTC and fTC, and the correct scaling param-
eter may not be the same for both Le < 1 and Le > 1 flames due to the qualitative
changes in flame structure in these flames. This indeed appears to be the case for
the flames investigated here. As shown in Table 6, a reasonable collapse of the data
can be achieved using the time scale associated with the limiting diffusivity for each
flame (i.e. τth ≡ δth/sL for Le < 1, and τc ≡ δc/sL for Le > 1). The Damko¨hler num-
ber in Table 6 is defined as D̂a =
(
l0in/u′in
)
/min(τc, τth), the normalised stretch rate is
ˆKiTC = K
i
TC
(
l0in/u′in
)
D̂a, and the normalised frequency is ˆfTC = fTC
(
l0in/u′in
)
D̂a.
It is important to note that this scaling may not be unique and so does not neces-
sarily indicate the underlying physical mechanism causing the observed differences.
Indeed, a similar collapse of the data in Table 6 can also be achieved using the nor-
malised Lewis number ˆLe = Le/(Le + 1), which is constructed by analogy with the
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normalised equivalence ratio suggested by Law (2006), and which removes the inher-
ent asymmetry between Le < 1 and Le > 1 in the standard Lewis number.
5 Conclusions
The effects of non-equidiffusive transport on flame interactions in premixed flames
have been investigated using high-resolution simulations of twin turbulent V-flames
with global Lewis numbers of 0.4, 0.8, 1.0 and 1.2. Interactions were extracted using
the AFE method described in Dunstan et al. (2012), and the sensitivity of the results to
the choice of sample interval ∆t was assessed. It was found that both the average num-
ber of interactions occurring within the interval, as well as the mean magnitude of the
area change associated with each interaction both increase approximately linearly with
∆t over the range considered, leading to an overall linear dependence of the interaction
stretch rate with sample interval ∆t. This occurs because while flame interactions can
be located precisely in time and space, their effects on the subsequent flame evolution
persist over some characteristic time scale associated with the cusp recovery. The sen-
sitivity to ∆t is therefore not an artifact of the AFE method employed here, but reflects
an inherent property of flame interactions that applies to any attempt to separate the
effects of transient processes such as interaction stretch from the continuous turbulent
processes in a flow.
In agreement with previous findings, normal type interactions occur in a cascade
going from CX → TC → PB, and with a characteristic delay time of the same order
( 0.1ms) as identified previously using a different method. For all flames TC type in-
teractions cause the greatest loss of flame area, followed by PB types. CX interactions
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can individually lead to an increase or decreases in flame area but cause a net loss
overall for all Lewis numbers. Three counter-normal interaction types were also iden-
tified, CN, CTC, and CPB, which are analogous to the normal types but occur on the
burnt-gas side of the flames.
Interaction length scales remain similar for unity and sub-unity Lewis number
flames, but are slightly reduced for the super-unity Lewis number flame.
Variation in Lewis number affects flame interactions in the following principal
ways:
• Lower Lewis numbers are associated with faster turbulent flame speeds and a
more compact flame brush, which leads to a higher frequency of interactions and
a more compact distribution of interactions in physical space. The distribution
of CX type interactions in mean progress variable space, c˜, remains unaffected,
but TC type interactions peak at lower values of c˜ for increasing Lewis number,
due to the greater thickness of the flame brush with increasing Le.
• Higher Lewis number flames show a greater propensity for counter-normal type
interactions. CTC and CPB types are only observed in Flame D, and no counter-
normal interactions occur in Flame A. The occurrence of CTC and CPB types
depends on the existence of counter-normal flame displacement speeds, which
become more likely at higher Lewis numbers.
• Global stretch rates due to turbulent strain and curvature, and due to flames in-
teractions both increase with decreasing Lewis number. Mean and rms stretch
rate values show similar qualitative trends, with the thermo-diffusively unstable
Flame A showing the largest increases.
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• Changes in both the frequency of interactions, and in the mean magnitude of
individual interactions are equally important in producing the changes in overall
interaction stretch contributions. Both the frequency and the mean magnitude
scale well with the inverse of the laminar flame time scale associated with the
limiting diffusivity of each flame, as well as the normalised Lewis number.
This last observation is particularly interesting, since it might be anticipated that
the longer flame time scales and slower flame speeds associated with the lower Lewis
number flames would result in a decrease in the change in flame area following interac-
tion over a fixed interval ∆t, and hence a reduction in the mean magnitude of individual
interactions. This is particularly the case when one considers the kinematics of curved,
non-unity Lewis number flames. The displacement speed of negatively curved flame
elements increases with Lewis number, and for thermo-diffusively unstable flames neg-
ative displacement speeds are possible. For CX and TC type interactions, very large
negative curvatures are produced at the point of interaction, and so it might be ex-
pected that the rate of cusp recovery - and hence the rate of area change - for lower
Lewis number flames should be significantly less than for high Lewis number flames.
The fact that the results indicate the exact opposite of this trend prompts the fol-
lowing conclusions: a) Since normal type flame interactions occur over time scales
that are very much shorter than either the thermal or mass diffusive time scales of the
flames, Lewis number effects do not significantly influence the interaction process it-
self. b) The changes observed in the frequency and magnitude of interactions with
Lewis number can both be attributed to the large-scale changes in flame structure for
each of the flames. The increased flame area associated with lower Lewis numbers
causes an increase in the frequency of interactions, whereas changes to the local ge-
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ometry of the flames (the curvature and degree of alignment of flame elements prior to
merger) determines the magnitude of the area change for each interaction. c) Counter-
normal interactions occur over longer time scales and so are more sensitive to changes
in the kinematics of the flames, as well as large scale changes in flame structure.
Confirmation of these conclusions will require further investigation, however, the
apparent insensitivity of individual interactions to diffusive processes is in agreement
with the observations by Sung and Law (2000) on the attenuation of the flame response
to high frequency fluctuations in stretch rate. The existence of a degree of time scale
separation between these processes suggests some potentially useful model simplifica-
tions.
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Table 1: Thermo-chemical parameters. For all flames Tin = 600K, and τ = (Tad −
Tin)/Tin = 2.52
Case Le sL (ms−1) δth (mm) δc (mm) δ (mm) τth (ms) τc (ms)
A 0.4 0.420 0.620 0.863 0.434 1.476 2.054
B 0.8 0.558 0.464 0.482 0.163 0.832 0.864
C 1.0 0.603 0.430 0.430 0.121 0.713 0.713
D 1.2 0.639 0.403 0.375 0.095 0.631 0.586
Table 2: Turbulence parameters at the inlet. For all flames Rel0 = 82 and u¯in = 10
(ms−1).
Case u′in/sL l0,in/δc Ka Da
A 11.6 0.99 28.3 0.09
B 8.76 1.77 11.3 0.20
C 8.10 1.94 8.67 0.24
D 7.65 2.28 7.06 0.29
Table 3: Mean interaction length scale LS+int = φ1/2 and sphericity ratio Θ by type for
all flames.
Case LS+CPB LS+CTC LS+CN LS+CX LS+TC LS+PB ΘCBP ΘCTC ΘCN ΘCX ΘTC ΘPB
A - - - 3.46 3.46 2.36 - - - 0.33 0.34 0.42
B - - 1.81 3.48 3.38 2.19 - - 0.37 0.34 0.35 0.43
C - - 1.83 3.42 3.43 2.76 - - 0.37 0.34 0.35 0.41
D 2.39 1.95 2.04 3.21 3.12 2.36 0.34 0.37 0.36 0.35 0.36 0.43
Table 4: Sensitivity of mean and rms global stretch rates (s−1) to sample interval, ∆t,
for flame C. a = 16 µs.
∆t KTOT KrmsTOT K INT K
rms
INT K INT/∆t K
rms
INT/∆t
a/2 −34 588 −38 79 −76/a 157/a
a −31 583 −77 126 −77/a 126/a
3a/2 −32 576 −113 173 −75/a 116/a
Table 5: Mean and rms global stretch rates for all cases (s−1).
Case KTOT KF K INT KCX KTC KPB KCN KCTC KCPB KrmsF KrmsINT
A 13 317 -304 -26 -204 -74 - - - 876 392
B -13 81 -94 -9 -74 -11 -1 - - 586 144
C -31 46 -77 -5 -56 -14 -2 - - 555 126
D 7 57 -51 -1 -35 -5 -6 -4 -0 507 91
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Table 6: Mean individual interaction stretch rate magnitudes and frequencies for TC
events.
Case KiTC (s−1) fTC (KHz) D̂a (×104) ˆKiTC (×106) ˆfTC (×103)
A -133 96 1.17 -2.70 1.95
B -89 52 2.08 -3.20 1.87
C -80 44 2.43 -3.36 1.85
D -57 38 2.95 -2.91 1.94
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Figure 1: Two-dimensional slice of instantaneous progress variable, c overlaid with
contours of Favre averaged progress variable (black) at c˜ = 0.1, 0.2, ..., 0.9 for flame
C. Transverse profile positions indicated by thick dashed lines. Interaction zone where
AFE is applied is indicated by rectangle.
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Figure 2: Global product mass fraction, Ω, for all cases from initialisation at t =
0. Dashed lines indicate start of data collection period for flames A-D (left to right
respectively).
Figure 3: (a) Favre averaged streamwise velocity, u˜, along the domain centre line
(y = Ly/2) for all cases; (b) transverse profiles of u˜ at downstream positions indicated
in Fig. 1 for flame C; (c) transverse profiles of rms turbulent fluctuations, u′, for flame
C.
36
Figure 4: Anisotropy invariants ξ (left) and η (right) for flame B.
Figure 5: Schematic diagram of interaction types. Reactants and products are denoted
R and P respectively. (a) CX; (b) TC; (c) PB. Three additional counter-normal types,
CN, CTC, and CPB are topologically similar but with R and P reversed.
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Figure 6: Contours of Favre averaged progress variable (c˜ = 0.1, 0.2, ..., 0.9) with po-
sitions of all interactions in the x-y plane for flames A-D ((a)-(d) respectively). Types
of interactions, shown in Fig. 5 and discussed in section 4.2, are marked as follows:
red diamonds are CX; blue circles are TC; brown stars are PB; filled black squares are
CN; unfilled black circles are CTC; and unfilled black stars are CPB.38
Figure 7: Flame Surface Density profiles along the domain centre lines (y = Ly/2) for
all cases as a function of (a) distance from the inlet, and (b) Favre averaged progress
variable.
Figure 8: Number of interactions by type occuring within bins of width Lx/30 for
downstream distance x (left column), and within bins of width 1/20 for Favre averaged
progress variable c˜ (right column).
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Figure 9: Probability densities of interaction length scales for all cases: a) LS+int for CX
interactions, b) LS+int for TC interactions. (Colour online)
Figure 10: Sensitivity of the AFE technique to interval size. Total stretch rate (top)
and interaction stretch rates for CX (middle) and TC (bottom) types. Three intervals
sizes, ∆t, shown where a = 16 µs.
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Figure 11: Stretch rates of the c = 0.8 isosurface for cases flames A-D ((a)-(d) re-
spectively). Top: total stretch rate, KTOT , flamelet component, KF , and interactions
component, KINT . Bottom: interaction stretch rates by type. The x-axes of figures a-d
have been aligned so that conditions at the inlet are identical for each simulation at a
given value of t.
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